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Abstract 



The LHC is the perfect environment for the study of new physics in the top quark sector. We 
^ i study the possibility of detecting signals of heavy color-octet vector resonances, through the charge 

asymmetry, in tt+jet events. Besides contributions with the pair in a color-singlet state, the asym- 
metry gets also contributions which ai^e proportional to the color factor /^^^. This process is par- 
, ticularly interesting for extra-dimensional models, where the inclusive charge asymmetry generated 

QQ I by Kaluza-Klein excitations of the gluon vanishes at the tree level. We find that the statistical sig- 

^ ■ nificance for the measurement of such an asymmetry is sizable for different values of the coupling 

^ . constants and already at low energies. 

(N 



1 Introduction 



The physics of the top quark is one of the most promising research fields at hadronic colliders such as the 
Tevatron at Fermilab or the Large Hadron Collider (LHC) at CERN. Its huge mass compared with the 
other quarks, and of the same order as the Higgs boson vacuum expectation value, suggests that it can 
play an important role in the electroweak symmetry breaking. Since its discovery at Tevatron in 1995, 
it has been extensively studied and its properties have been measured with better and better precision. 
However, the optimal environment to perform top quark measurements is the LHC, due to its high energy 
reach (14 TeV center-of-mass energy at full activity). At the LHC a great amount of top-antitop quark 
pairs will be produced, thus allowing to develop analyses with high statistic. There, physics at the TeV 
scale will be widely explored, carrying to a better determination of the Standard Model (SM) as well as, 
possibly, discovery of new physics. 

Several models predict the existence of heavy colored resonances decaying to top-antitop quark pairs, 
that in principle can be detected at the LHC, like axigluons [[T]| and colorons [2] or Kaluza-Klein exci- 
tations in extra dimensional models (Si |4l [5j [6l |7l [H. So far, masses under roughly 1 TeV have been 
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excluded by measurements performed at Tevatron [|9l [TOl [HI [121 [121. The natural signature of such 
resonances is to find a peak in the invariant mass distribution of the top-antitop quark pair. However, 
asymmetries can be an alternative way of revealing these resonances. In QCD, a charge asymmetry ap- 
pears in the differential distributions for top quarks and antiquarks at 0{ag) [[T4|. It is generated mostly 
by qq — > tiid) processes, through the diagrams shown in Figure [B The contribution from gq — > tiq 
is much smaller. 





Figure 1 : Origin of the QCD charge asymmetry. 



The inclusive differential asymmetry at Tevatron is defined as: 



- _ N,{cose) - N^jcose) 

A i^ose)- (1) 

and is equivalent to a forward-backward asymmetry. This leads to an integrated asymmetry of 4 — 
5%, with top quarks more abundant in the direction of the incoming proton |[T4l[T5l[T6l[T7l . The latest 
measurement of the forward-backward asymmetry by CDF attests [[T8l : 

= 0.193 ± 0.065 Stat. ± 0.024 syst. • (2) 

This 2a discrepancy between data and theoretical prediction opens a window to the presence of new 
physics. Although it is too early to claim new physics there, because the statistical error of the measure- 
ment is rather large, this result clearly disfavours extra resonances with vanishing or negative contribution 
to the asymmetry, e.g. axigluons or colorons. As expected, this result has boosted a renovated interest in 
looking for new models that would account for this 2a effect. In Ref. [19] we have considered, in a model 
independent way, heavy color-octet boson resonances with arbitrary vector and axial- vector couplings 
to quarks, and pointed out that the charge asymmetry can be a better way of revealing new resonances 
than the total cross section, also at the LHC. In Ref. |20l, using the latest information from CDF on both 
the charge asymmetry and the invariant mass distribution [|2T1l . we have set constraints on the couplings 
between quarks and colored resonances as a function of its mass. We found that in the flavor-universal 
scenario, a large value of the vector coupling is necessary in order to obtain a positive charge asymmetry 
at the Tevatron. A positive charge asymmetry can also be obtained in flavor-non-universal scenarios 
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where the light and the top quarks couple to the heavy resonance with strengths of opposite sign. A new 
model with this property has been constructed in ll22ll . Other flavor-universal axigluon-like models have 
been presented recently in [|23l l24l l25l . The charge asymmetry in extra dimensional models has been 
analyzed in [[26l. Different possibilities have also been explored in the t-channel: diquarks [|27ll . ZIW 
exchange with large flavor violating coupling Il28ll29ll . or scalar multiplets ll30l . 



At the LHC, due to its symmetric configuration, the integrated asymmetry vanishes. Nevertheless, 
it is still possible to find a charge asymmetry in suitable defined kinematic regions. Selecting events in 
a given range of rapidity in the central region, the integrated central charge asymmetry can be defined 

mm-. 

, . , Nt{\y\<yc)-N-t{\y\<yc) 

''^^''^ Nt{\y\<yc) + Nm<yc)' 

The central asymmetry Ac{yc) obviously vanishes if the whole rapidity spectrum is integrated, while a 
non- vanishing asymmetry can be obtained over a finite interval of rapidity. 

The production of top quark pairs together with one jet is important at the LHC: the exclusive cross- 
section for this process can reach roughly half of the total inclusive cross-section calculated at next- 
to-leading order (NLO) [|3TI . The asymmetry produced in tt+jet by the interference of initial- with 
final-state real gluon emission (Figures [TJi andflh) is, obviously, a tree level effect, and moreover, one of 
the main contributions to the inclusive asymmetry. In this paper we investigate the charge asymmetry in 
tt+jet in the presence of a heavy color-octet vector resonance with different couplings to the quarks. We 
give the analytic form of the charge asymmetric contribution to the differential cross section, leaving the 
vector and axial- vector couplings as free parameters. We then concentrate on three different scenarios for 
such parameters and calculate the central charge asymmetry and its statistical significance at the LHC. 



2 Charge asymmetry at the LHC 

The LHC has already resumed its activity, after a one-year stop due to technical problems. It has started 
with an energy in the center-of-mass of a few TeV, in order to test the whole apparatus. In a second 
phase, the energy will rise to 7 TeV and subsequently to 10 TeV. Finally, the full 14 TeV energy will be 
reached. According to this planning, we have considered in our analysis both the center-of-mass energies 
of 7 and 10 TeV, in order to give predictions that can be tested in the first running period. 

The SM predicts a charge asymmetry in tt+jet already at tree level from qq events. This asymmetry 
is of similar size, but of opposite sign to the total tt inclusive asymmetry [[T4| . At the LHC, however, top 
quark production is dominated by gg fusion, which is charge symmetric. To reduce the contribution of 
these processes, and to enhance the asymmetry, it is necessary to perform a cut on the invariant mass of 
the top-antitop quark pair rritt- In Ref. |fT9l we found that for the central asymmetry in Eq. (|3]) values of 
the maximum rapidity around yc = 0.7 maximize the statistical significance. Thus, in the following, we 
fix yc = 0.7, and analyze the central asymmetry in the SM as a function of the cut on mu. The additional 
jet is defined by using the kx algorithm Il33l , with minimum transverse momentum px = 20 GeV and 
the jet parameter R = 0.5 . In Figure[2]we show the results for center-of-mass energies of 7 and 10 TeV. 
We find that the asymmetry is positive and of the order of few percents (Fig. [21 left plots). As expected, 
at 7 TeV the asymmetry is higher than at 10 TeV, for the same value of because the qq component 
is larger. The right plots in Fig. |2] show the luminosity that would be needed in order to have a statistical 
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Figure 2: Central charge asymmetry and luminosity at the LHC from QCD, as a function of the cut m^' 
for = 7 TeV and 10 TeV. 



significance equal to 5. The statistical significance of the measurement, defined as the number of 
standard deviations of which the asymmetry differs from zero, can be written in the following way: 



^bM ^ J(at + at) £ ~ , ' , (4) 



where C is the total integrated luminosity. From Fig. [21 we see that there is a minimum in the required 
luminosity for low values of Before that minimum, C increases since the corresponding asymme- 
try approaches zero, while after the minimum, it increases because the number of events decreases. In 
conclusion, in the SM, with few tens of fb"^ it would be possible to have a sizable significance for low 
values of We should mention that we have not considered experimental efficiencies, therefore this 
number should be seen only as a lower limit. In a realistic analysis, much higher luminosities will be 
required to perform that measurement. However, we are interested here in showing the position of the 
minimum as a function of m™". 

As in Ref. 1201 . we consider now a toy model where a color-octet vector resonance can couple 
differently to light and top quarks. The vector and axial-vector couplings are denoted by gy^^ and g'^^\ 
respectively, where the index q indicates the light quarks and the index t the top quarks. In Appendix 
lAl we list the expression for the asymmetric contribution to the tt+]et differential cross section. It 
is interesting to stress that, contrary to the SM, where top quarks contribute to the asymmetry only 
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when they are in a color-singlet state (color factor equal to dl,^J, we find also color-octet contributions 
proportional to the color factor /^j^. We consider now three different scenarios. A large part of the 
parameter space for flavor-universal couplings is disfavored because the inclusive asymmetry in that 
case is negative ll20ll . In particular, axigluons such as originally introduced [HI, i. e. with gy*^ = 0, 
gOit) _ would be forbidden. Yet, it is possible to generate a positive inclusive asymmetry if the lighter 
quarks and the top quarks couple with different sign. Thus, as a first case, we examine a "modified 
axigluon", with gy^^ = and g\ = —g\ = 1. In the flavor-universal scenario, the only possibility that 
is still allowed at the 95% C.L. is the one where gy takes high values and gA is constrained accordingly 
as a function of the resonance mass. So we choose as a second scenario g'y^'' = 1.8 and gf^ = 0.7. 
In the third scenario we focus on a Kaluza-Klein gluon excitation in a basic Randall-Sundrum model: 
gy = —0.2 , gy = 2.5 , g\ = , g^ = 1.5 , as presented, for instance, in [|7]|. Since the axial coupling 
for the light quarks is zero, the inclusive central charge asymmetry vanishes at tree level. Thus, it is 
necessary to look at the hard emission process, where it becomes different from zero. Accordingly, the 
inclusive charge asymmetry will get also non- vanishing loop contributions. 

The results for the asymmetry and the minimal luminosity to achieve a statistical significance of 5 are 
shown in the Figures |3] and IH We have chosen mc = 1.5 TeV as a reference mass for the resonance. As 
in the pure QCD case, the maximal rapidity of yc = 0.7 is optimal to enhance the statistical significance, 
which is defined as: 



As expected, in the three models the asymmetry is slightly higher for i/i = 7 TeV. The luminosity 
required to have a fixed significance has a minimum for low values of mjj™, at around one half the mass 
of the resonance, for all the scenarios. In the flavor-universal case, we found that this minimum value 
is reached with even softer cuts. We find also that in this scenario the needed luminosity is lower than 
in the other two cases, and almost of about one order of magnitude less. A few hundreds of pb^^ at 
relatively low values of mj"'" would allow a measurement in the first times of the LHC running. The 
Kaluza-Klein model shows an asymmetry of opposite sign compared to the other two cases. This can be 
an interesting way for distinguishing it from the other models. In Figs. [3] and |4] we also show the color- 
singlet contribution to the asymmetry. In the modified axigluon scenario, it has opposite sign compared 
with the total asymmetry. In the flavor-universal scenario it is about one half of the asymmetry. In the 
Kaluza-Klein model, the color-octet contribution is almost zero. 



3 Conclusions 

We have explored the central charge asymmetry in + jet at the LHC. It receives contributions from top 
quark pairs both in a color-octet and in a color-singlet state. We have set a lower limit on the luminosity 
needed in order to have a statistical significance equal to 5 for three different scenarios at ^/s = 7 and 
10 TeV. We have found that, in the flavor-universal case, this lower bound is around a few hundreds 
of pb~^, while for the other scenarios few fb~^ are required. These values depend, of course, on the 
resonance mass. For the three choices of the parameters that we have considered, the minimum of the 
required luminosity is reached for relatively low values of mjj™. This is a non-trivial result as very 
boosted top quarks are difficult to distinguish from jets initiated by light quarks. 

NLO calculations of tt+jet [32J in the SM show that the exclusive asymmetry is almost completely 




(5) 
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washed out at Tevatron. Although there is no reason why we should find the same behavior if a heavy 
resonance exists, it would be interesting to extend this analysis at NLO, and to combine it with a realistic 
estimation of experimental efficiencies. From our analysis, the measurement of the charge asymmetry 
from tt+jet events at the LHC seems promising, although challenging. Experimental analysis from the 
Tevatron with more statistics will also constrain further those resonances in the near future. 
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A Asymmetric contribution to the + jet cross section 



The tree level cross section for tt production in the presence of a heavy resonance with arbitrary vector 
and axial-vector couplings to quarks, and the decay width of the resonance can be found in Ref. [[T9l . 
We define the propagator of the heavy resonance as: 



G{s) 



1 



s — rriQ + iniG To 



(6) 



The charge asymmetric piece of the hard gluon radiation process 

q{pi) + q{p2) Q{P3) + Q{P4) + gip^) 

defined as: 



daf = - \da{qq QX) - da{qq QX) 
2 



is given by: 
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The colour factor are Ci = and C2 = with iV^ = 3, d^^^ = 2Cf{N^ - 4) = 40/3 and 

The charge asymmetric contribution of the flavor excitation process 

q{pi) + 9{P2) QiPs) + Q{pa) + g(P5) , (13) 

defined as: 

daf = ^ [da{qg QX) - da{qg ^ QX)] , (14) 
is infrared finite and can be obtained just by crossing of the momenta (2 ^ 5) from Eq. Q. 
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Figure 3: Central charge asymmetry and luminosity to obtain a statistical significance 5 = 5 at the LHC, 
as a function of mjj™ for ^/s = 7 TeV. The dashed line represent the contribution of the 0?^^^ terms. 
rric = 1-5 TeV. 
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Figure 4: Central charge asymmetry and luminosity to obtain a statistical significance 5 = 5 at the LHC, 
as a function of for y/s =10 TeV. The dashed line represent the contribution of the d^^,^ terms. 
mc = 1.5 TeV. 
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